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Based on the relationships between the regional tree-ring chronology (RC) of moisture-sensitive Pinus sylvestris var. mongolica 
and the monthly mean maximum temperature, annual precipitation and annual runoff, a reconstruction of the runoff of the Yimin 
River was performed for the period 1868–2002. The model was stable and could explain 52.2% of the variance for the calibration 
period of 1956–2002. During the past 135 years, 21 extremely dry years and 19 extremely wet years occurred. These years repre-
sented 15.6% and 14.1% of the total study period, respectively. Six severe drought events lasting two years or more occurred in 
1950–1951, 1986–1987, 1905–1909, 1926–1928, 1968–1969 and 1919–1920. Four wetter events occurred during 1954–1959, 
1932–1934, 1939–1940 and 1990–1991. Comparisons with other tree-ring-based streamflow reconstructions or chronologies for 
surrounding areas supplied a high degree of confidence in our reconstruction. Power spectrum and wavelet analyses suggested 
that the reconstructed annual runoff variation in the Hulun Buir region and surrounding area could be associated with large-scale 
atmospheric-oceanic variability, such as the Pacific Decadal Oscillation (PDO) and El Niño-Southern Oscillation (ENSO), and 
sunspot activity. 
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Most parts of China have suffered from severe and pro-
longed droughts in recent years [1], particularly the extreme 
four-year drought extending from 1999 to 2002. These 
droughts have caused large economic and societal losses [2]. 
For instance, the severe drought of 2000 in Inner Mongolia 
resulted in the loss of 80×104 ha of crops, 14% of the total 
crop area (http://www.weather.com.cn/zt/kpzt/1244063. 
shtml). The 2001 drought also influenced 60×104 ha of 
planting area and caused great damage to the yield from 
297×104 ha and 5733×104 ha of crops and pasture, respec-
tively (http://www.weather.com.cn/zt/kpzt/1244064.shtml). 
Such droughts have severe impacts on agricultural produc-
tion, and the frequency and severity of droughts and hydro-
climatic events are also of critical importance in water re-
source management. 
Because the required hydrological data have only been 
obtained using recording instruments since the 1950s, 
long-term hydrological reconstructions based on tree-ring 
studies are very valuable for the management and planning 
of water resources [3,4]. The statistical relationship between 
tree-ring index data and the hydroclimatic records of varia-
bles such as runoff and streamflow has been exploited to 
construct reconstructions that are hundreds of years in 
length for many parts of the world [5–10]. 
Pinus sylvestris var. mongolica is one of the major co-
niferous tree species of the boreal forests in China, and is 
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native to the Hulun Buir region and northern Da Hinggan 
Mountains. In recent years, several dendroclimatological 
studies have been conducted in these regions using tree-ring 
material from this pine species. Based on analyses of the 
tree-ring width index and the normalized difference vegeta-
tion index (NDVI), He et al. [11] found that the monthly 
and annual NDVI changes in Mohe, located in northern 
China, are driven by temperature. Based on the relationships 
between tree-ring density and width and climatic factors, 
Wang et al. [12] found that the latewood density of Pinus 
sylvestris var. mongolica is controlled by the maximum 
temperature in July and August, as well as by the length of 
the growing season. The climate-growth responses from 
four sites in the northern Da Hinggan Mountains have been 
studied by Wang et al. [13], who concluded that tempera-
ture is the major limiting factor for tree growth. A 292- 
year-long mean temperature reconstruction has also been 
developed for that region by Zhang et al. [14]. In the Hulun 
Buir region, the annual precipitation [15,16] and seasonal 
temperature [17] were reconstructed using robust tree-ring 
width chronologies of Pinus sylvestris var. mongolica. 
However, the previous studies cited above primarily inves-
tigated the relationships between tree growth and tempera-
ture, as well as precipitation. However, no dendrohydrolog-
ical studies have been reported.   
The purposes of this study were to reconstruct the annual 
runoff of the Yimin River from 1868 to 2002 for the Hulun 
Buir region, Inner Mongolia, and to explore the linkage 
between the hydroclimatic variations reflected by the runoff 
reconstruction and large-scale climate forcing.  
1  Materials and methods  
1.1  Study area and climate 
The Yimin River originates from the northern slope of 
Mushroom Mountain in the western part of the Da Hinggan 
Mountains and the south central part of the Hulun Buir 
Grassland. The river flows from south to north through the 
entire Ewenke Banner and Hailar District and then runs into 
the Hailar River. The Yimin River has a length of 360 km 
and a drainage area of 22647 km2 [18] (Figure 1). As shown 
in Figure 2, which illustrates the distribution of temperature 
and precipitation at the Hailar and Aershan meteorological 
stations (Table 1), the climate displays typical monsoon 
characteristics with mild, wet summers and cold, dry win-
ters [19]. Seasonal dry and wet conditions alternate in asso-
ciation with the intrusion of dry, cold air masses from high 
latitudes in winter and warm, humid air masses from 
low-latitude oceans in summer [20]. The averaged data for 
the Hailar and Aershan stations show an annual mean tem-
perature of –1.99C, a mean maximum temperature of 
4.94C and an annual total precipitation of 399 mm for  
 
 




Figure 2  Monthly mean temperature (grey bar), mean maximum temperature (black bar), mean minimum temperature (white bar) and monthly precipita-
tion for the (a) Hailar and (b) Aershan meteorological stations (1953–2008). 
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Table 1  Information on the sampling sites (tree-ring chronology) and associated meteorological stations 
Site code HLBEstd NGNEstd Hailar Aershan 
Longitude (E) 119°43′ 119°22.037′–119°23.788′ 119°45′ 119°57′ 
Latitude (N) 47°12′ 47°59.539′–47°59.851′ 49°13′ 47°10′ 
Elevation (m) 450–600 760–790 610 1027 
Sample depth (core/tree) 40/23 67/35   
Mean sensitivity (MS) 0.23 0.19   
First order autocorrelation 0.64 0.49   
Expressed population signal (EPS) 0.91 0.96   
First year where SSS>0.75 (number of trees) 1865 (8) 1868 (5)   
First year where SSS>0.80 (number of trees) 1868 (10) 1869 (6)   
Time span 1865–2003 1868–2009 1951–2008 1953–2008 
 
 
1953–2008 (Table 1). Averaging meteorological records 
from more stations could decrease the small-scale noise or 
stochastic components and represent the broader regional 
climatic conditions. Therefore, we used the averaged data 
set of the Hailar and Aershan stations for further analysis. 
1.2  Tree-ring data 
Tree-ring samples were collected from two pure stands of 
Pinus sylvestris var. mongolica forest (Figure 1, Table 1). 
One site is at Nuogannuoer (NGNE) [17], located in the 
southwestern part of the upper section of the Yimin River, 
and the other site is at West Mountain in the Hailar District 
(HLBE) [15], on a downstream section of the river. Most 
trees grow on sand dunes in poor soil, and each pine stand is 
quite open, with a discontinuous canopy. Descriptions of 
these two sites and the tree-ring chronologies developed for 
each site were presented previously [15,17]. Two tree-ring 
width standard chronologies were utilized in this study, 
namely NGNEstd [17] and HLBEstd [15]. The mean sensi-
tivity (MS), a measure of the relative difference in widths 
between adjacent rings, was 0.19 and 0.23, respectively, for 
the NGNEstd and HLBEstd chronologies. The expressed 
population signal (EPS), which represents an acceptable 
level of confidence in a chronology, was 0.96 and 0.91, re-
spectively, for the NGNEstd and HLBEstd chronologies, 
which are greater than the threshold value of 0.85 [21]. 
These statistical values indicated that the two chronologies 
provided a robust signal strength suitable for investigating 
climate variations. The subsample signal strength (SSS) was 
determined to assess the adequacy of replication in the early 
years of the tree-ring chronologies [21]. To use the maxi-
mum length of the chronologies and ensure the reliability of 
the reconstructions, we restricted our analysis to a period 
with an SSS value of at least 0.75. The effective spans de-
termined by this threshold are 1865–2003 for HLBEstd and 
1868–2009 for NGNEstd (Table 1).  
The significant correlation between NGNEstd and 
HLBEstd (r=0.541, n=136, P<0.0001) and the first principal 
component explained 77% of the total variance. Moreover, 
growth conditions were similar at the two sites. For these 
reasons, a regional chronology (RC) was developed by av-
eraging the two chronologies over their reliable common 
time period, 1868–2003. The sample depth for 1868, the 
initial year, was 17 cores/15 trees (Figure 3). 
The annual runoff data for 1956–2006 from the Hailar 
and Huihekou hydrological stations were used in this study 
[18] (Figure 1). The two hydrological records were signifi-
cantly correlated (r=0.896, n=51, P<0.0001), and the first 
principal component explained 94.8% of the total variance. 
Accordingly, a regional annual runoff dataset for the Yimin 
River was developed by averaging the annual runoff series 
from the Hailar and Huihekou stations. 
A correlation function analysis was performed to inves-
tigate the relationship between the tree-ring width indices, 
monthly mean precipitation and mean maximum tempera-
ture from the previous June to the current October and the 
regional annual runoff of the Yimin River during the obser-
vation period for the three chronologies. Power spectrum 
and wavelet analyses [22] were applied to explore the tele-
connections between regional hydroclimatic variations re-
flected by the tree-ring reconstructions in our study area and 
vicinity and large-scale climate forcing. 
2  Results and discussion 
2.1  Climate-growth response 
As shown in Figure 4, precipitation was significantly posi-
tively correlated with HLBEstd, NGNEstd and RC, whereas 
temperature was negatively correlated with the three chro-
nologies except for the previous October, November and 
December. In the current growth year, for example, the cor-
relation coefficients between RC and the sum of seasonal 
precipitation from April to October and between RC and the 
mean maximum temperature (April–October) were 0.358 
(P=0.01) and –0.452 (P=0.001), respectively. Moreover, 
both precipitation (August and September) and the maxi-
mum temperature (June, July, August and September) in the 
previous year strongly influenced tree growth in the current  
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Figure 3  Chronology and sample depth for HLBEstd (a), NGNEstd (b) and RC (c). 
 
Figure 4  Correlations between tree-ring chronology (HLBEstd (grey bar), 
NGNEstd (black bar) and RC (white bar)) and the (a) monthly sum of 
precipitation and (b) mean maximum temperature. In this figure, P means 
previous year; A-O refers to the current April to October; PA-J refers to the 
previous August to the current July; and the dotted line indicates the 0.05 
significance level. 
year. In particular, significant correlations of 0.554 
(P<0.0001), 0.542 (P<0.0001) and 0.619 (P<0.0001) were 
found between the total precipitation from the previous 
August to the current July and HLBEstd, NGNEstd and RC, 
respectively. 
In general, tree growth in and near semi-arid regions is 
primarily determined by the effective precipitation. Tem-
perature (maximum temperature) affects the growth of trees 
by influencing the amount of moisture in the soil, as well as 
the respiration and transpiration rate of trees, especially if 
precipitation is not adequate during the growing season 
[6,23,24]. This pattern can often be inferred from tree-ring 
width chronologies that are positively correlated with rain-
fall and negatively correlated with temperature [25,26]. 
Compared with single climatic factors, runoff could inte-
grate many factors, such as precipitation, temperature and 
evaporation, by which regional climatic features are repre-
sented [27]. Similar responses are shown by the relationship 
between the annual runoff of the Yimin River and maxi-
mum temperature and seasonal/annual precipitation, as well 
as by the relationship between the regional tree-ring width 
chronology and these climatic factors (Table 2). For in-
stance, the correlation coefficients associated with the 
April-September mean maximum temperature (T4–9(max)), the 
seasonal precipitation for April-September (P4–9) and the 
annual precipitation from the previous August to the current 
July (P8–7) were –0.406, 0.64 and 0.669, respectively, for 
the annual runoff of the Yimin River and –0.465, 0.381 and 
0.619, respectively, for the RC. The similar correlation co-
efficients associated with P4–9 (0.64) and calendar-year an-
nual precipitation (Pann) (0.674) for the annual runoff of the 
Yimin River indicated that the Yimin River annual runoff 
was dominated by the summer rainfall (one-half of the year) 
[28]. The synchronous variations in the annual runoff of the  
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Table 2  Correlations of the RC and mean annual runoff of the Yimin River with the temperature and precipitationa) 
 T4–9(max) (P,n) P4–9 P8–7 Pann 
RC –0.465 (0.001,51) 0.381(0.006,51) 0.619 (0.0001,50) 0.383 (0.006,51) 
Runoff –0.406 (0.003,51) 0.64 (0.0001,51) 0.669 (0.0001,51) 0.674 (0.0001,51) 
a) T4–9 (max) indicates the mean maximum temperature of the current April to September; P4–9 means the sum of precipitation from the current April to 
September; P8–7 refers to annual precipitation from the previous August to the current July; and Pann represents calendar annual precipitation from the current 
January to December. 
 
 
Yimin River, seasonal precipitation (P4–9), annual precipita-
tion (P8–7) and calendar-year annual precipitation (Pann) are 
shown in Figure 5. 
The effects of runoff on tree growth were similar to those 
found for precipitation. The runoff in a given year t strongly 
influenced tree growth in years t and t+1, the years immedi-
ately following the observation [29,30]. The correlations 
between the annual runoff of the Yimin River in year t and 
HLBEstd, NGNEstd and RC in years t and t+1 are given in 
Table 3. It is clear that the annual runoff of the Yimin River 
had a stronger relationship with RC than with the other var-
iables considered, as shown by the high correlations of 
0.662 (P<0.0001) and 0.483 (P<0.0001) for years t and t+1, 
respectively. Therefore, the RC was used to reconstruct the 
annual runoff of the Yimin River for the Hulun Buir region 
beginning in 1868. 
2.2  Annual runoff reconstruction 
Because annual runoff varies over a broad range (Figure 5), 
the water levels that influence ring widths if the amount of 
precipitation (and the resulting runoff) is high do not pro-
duce the same response rates that occur as a result of in-
creases at lower levels of precipitation because the trees 
experience other growth restrictions, such as those resulting 
from the nutrient supply or internal biochemical limitations 
[31]. For this reason, the relationship between runoff and 
tree-ring data could be nonlinear. Plotting the estimated and 
recorded values or plotting one as a function of the other 
can reveal whether “a curvilinear model is more appropri-
ate” [32]. Figure 6 shows the nonlinear relationship between 
the Yimin River annual runoff and the RC. The use of a 
logarithmic transformation of streamflow and tree-ring 
chronology has previously been examined [4]. The use of 
the log (lg)-transformed annual runoff of the Yimin River 
(1956–2003) significantly improved the relationship be-
tween the runoff and RC, i.e. the correlations of lgRunoff 
with RC in years t and t+1 were 0.716 (P<0.0001) and 
0.502 (P<0.0001), respectively. Therefore, the transfer func- 
tion was designed as follows: 
 lgRunoff=0.592RCt + 0.202RCt+1 + 3.966,   (1) 
(n=47, r=0.722, R2=52.2%, R2adj=50%, standard error = 
0.147, F=24, Durbin-Watson=1.375 and P<0.0001), where 
lgRunoff is the log 10-transformed annual runoff of the Yi-
min River and RCt and RCt+1 are the tree-ring width indices 
for the RC in years t and t+1, respectively. The multiple 
correlation coefficient for eq. (1) was 0.722, and the per-
centage of the variance explained was 52.2% (50% after 
adjustment for the loss of degrees of freedom) for the cali-
bration period 1956–2002.  
The sign test (S1, S2), product mean (t) and reduction of 
error (RE) were used to verify the transfer function [32]. 
The sign test (S1, S2) was based on the signs of the paired 
observed and estimated departures from the mean and the 
number of agreements or disagreements between the paired 
signs. Test S1 was performed for the first differences be-
tween the observation and the reconstruction, which re-
flected the high-frequency variations, whereas test S2 was a 
general sign test that measured the associations at all fre-
quencies. At the 0.01 significance level, the model was sat-
isfactory based on both test S1 (34, 33/0.01) and test S2 (38, 
33/0.01). The product mean (t) and the reduction of error 
(RE) were 4.10 and 0.52, respectively. These test statistics 
indicated that the annual runoff (lg-transformed) recon-
struction captured the variances of both the observed and 
estimated data at both high and low frequencies.  
In addition, the results obtained using the jackknife [33] 
and bootstrap [34] methods revealed that the values of r, R2, 
R2adj, standard error, F, P and the Durbin-Watson statistic 
were similar to the values found for the original data set 
(Table 4). The small differences associated with each statis-
tic indicated that the calibration regression, eq. (1), was sta-
ble and reliable for the calibration period. The variations at 
both high and low frequencies for the reconstruction of the 
annual runoff (lg-transformed) of the Yimin River for 
1868–2002 are shown in Figure 7. 
2.3  Extreme events 
Extreme values of high and low runoff could reflect dry or 
wet conditions. The mean value and standard deviation (SD) 
of the entire annual runoff (lg-transformed) reconstruction 
for 1868–2002 were 4.749 and 0.144, respectively. We de-
fined an extremely wet year as a year with a value >mean+1  
SD (=4.893) and an extremely dry year as a year with a 
runoff <mean–1 SD (=4.606). Based on these criteria, 21 
extremely dry years and 19 extremely wet years occurred 
during the reference period. These years represented 15.6 
and 14.1% of the study period, respectively (Table 5). The 
four driest years were 1907 (<2 SD), 1987 (<2 SD), 1951 
(<2 SD) and 1906 (<2 SD), and several missing rings  
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Figure 5  (a) Annual runoff of the Yimin River, (b) seasonal precipitation from the current April to September (P4–9), (c) annual precipitation from the 
previous August to the current July (P8–7) and (d) calendar-year annual precipitation from the current January to December (Pann). 
Table 3  Correlations between tree-ring chronology (HLBEstd, NGNEstd 
and RC) in years t and t+1 and the mean annual runoff of the Yimin River 
in years t 
  t t+1 
HLBEstd 0.538** 0.469** 
NGNEstd 0.628** 0.410** 
RC 0.662** 0.483** 
** means P<0.01. 
 
appeared in 1907, 1987 and 1951. The three wettest years 
were 1868 (>2 SD), 1957 (>2 SD) and 1956 (>2 SD). Pro-
longed dry or wet periods generally have strong effects on 
local or regional social and agricultural activities. Among 
these extreme years, six severe dry events lasting two years 
or longer were found. These events occurred during 1950– 
1951, 1986–1987, 1905–1909, 1926–1928, 1968–1969 and 
1919–1920. Four wetter events occurred during 1954–1959, 
1932–1934, 1939–1940 and 1990–1991. It should be noted 
that the dry years reconstructed by tree-ring data are more 
reliable than the wet years because of the nonlinear influ-
ence of runoff on the radial growth of Pinus sylvestris var. 
mongolica. The reconstructions for several wet years appear 
to underestimate the amount of the actual annual runoff. For 
instance, the reconstructed values 4.99 (1984) and 4.914 
(1990) are lower than the recorded values (lg-transformed) 
of 5.17 and 5.1, respectively. A similar phenomenon is 
shown by a tree-ring-based streamflow reconstruction for 
west-central Mongolia [31]. 
As stated above, runoff could represent regional hydro-
climatic variations to a certain extent. Indeed, extremely 
dry/wet years (events) tended to occur over a large area 
within the Yimin River basin. For instance, the extremely 
dry years of 1907 (<2 SD), 1987 (<2 SD) and 1892 (<1 SD) 
were detected in the tree-ring-based annual rainfall recon-
struction for Honghuaerji for 1806–2007 [16]. In particular, 
the extremely low runoff in 1987 (<2 SD) was recorded by 
many hydrological stations in the Hulun Biur region, includ-
ing the Yiminmuchang, Bahou, Cuogang and Yakeshi sta-
tions [18]. The severe drought of 2001, occurring from the 
spring through the autumn (April, June–November), caused 
a series of severe problems in most of northeastern China, 
including our study area (http://www.weather.com.cn/ 
drought/ghsj/2001/05/443042.shtml). Large numbers of 
rivers and dams became dry, and grasslands degenerated as 
a result of the lower runoff levels and dry conditions.  
The severe drought of 2001 produced a period of 130  
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Figure 6  Scatterplot of the annual runoff of the Yimin River and RC 
from 1956–2003. 
days with no streamflow in the Liao River. This dry interval 
was the longest on record at the Defudian hydrological sta-
tion. According to the Haerbin gauge station, the lowest 
water level for the Songhuajiang River occurred on July   
6, 2001 (http://www.weather.com.cn/drought/ghsj/2001/05/ 
443042.shtml). In our reconstruction, the estimated value 
for 2001 accurately reflected the observed value. These 
values were 4.586 (<1 SD) and 4.43 (lg-transformed), re-
spectively (Table 5). 
The extremely low runoff period of 1926–1928 corre-
sponded to the severe drought that occurred in the 1920s in 
an extensive area of northern China [35]. During that time, 
the records of the Shanxian hydrological station located in 
the middle section of the Yellow River showed an 11-year 
low runoff period from 1922 to 1932 [36]. In Inner Mongo-
lia, the lowest water level of Daihai Lake over the past 200 
years occurred in 1927–1929 [37]. The period of low flow 
observed in Hankou, Hubei Province, reflected the effects 
of the severe drought of the 1920s on the middle and upper 
reaches of the Yangtze River [38]. Previous tree-ring-based 
hydrological reconstructions, such as those conducted for 
the middle reaches of the Heihe River [9], the upper reaches 
of the Yellow River [6] and the Fenhe River [7], also cap-
tured the severe drought of the 1920s. 
The dryness-wetness index (DWI) derived from the 
abundant climatic descriptions in Chinese historical docu-
ments is a very important source for studying past climatic 
change. The values of this index consist of five grades, 
namely very wet_1, wet_2, normal_3, dry_4 and very dry_5 
[39]. The DWI values in the region near our study area were 
used to investigate the relationships between the extremely 
high runoff response and wet conditions. During 1868– 
1979, eight of the eighteen extremely low-runoff years were 
categorized as DWI_4 or DWI_5, whereas six of the fifteen 
extremely high-runoff years corresponded to DWI_2 (Table 
5). In particular, the severe drier/wetter events cited above 
(lasting two years or longer) accurately matched the DWI 
values. 
The Yimin River basin is located at the edge of the East  
Table 4  Jackknife and bootstrap calibration and verification statistics (1956–2002) 
Statistical item Calibration 
Verification 
Jackknife Bootstrap (80 iterations) 
Mean (range) Mean (range) 
r 0.722 0.72 (0.58–0.75) 0.73 (0.58–0.84) 
R2 0.522 0.52 (0.47–0.56) 0.54 (0.33–0.70) 
R2adj 0.5 0.50 (0.44–0.54) 0.52 (0.30–0.69) 
Standard error of estimate 0.147 0.148 (0.135–0.149) 0.142 (0.111–0.185) 
F 24 23.49 (18.85–27.12) 26.99 (11.01–50.53) 
P <0.0001 <0.0001 <0.0001 
Durbin-Watson 1.375 1.374 (1.145–1.553) 1.346 (1.176–1.627) 
 
 
Figure 7  Annual runoff (log10-transformed) reconstruction for the Yimin River (thin line) based on the 10-year low-pass filtered data (bold line) 
(1868–2002). 
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Table 5  Rankings of years of extremely dry/wet reconstructed annual runoff (lg-transformed) of the Yimin River  
Rank Dry_year Value Wet_year Value Dry_period Value Wet_period Value 
1 1907 4.347 1868 5.060 1950–1951 4.449 1954–1959 5.012 
2 1987 4.402 1957c) 5.136 1986–1987 4.462 1932–1934 4.966 
3 1951b) 4.431 1956 5.065 1905–1909 4.482 1939–1940 4.907 
4 1906 4.447 1958 5.028 1926–1928 4.546 1990–1991 4.905 
5 1950 4.467 1933 5.002 1968–1969 4.556   
6 1908 4.504 1955 4.991 1919–1920 4.568   
7 1905 b) 4.510 1984 4.990     
8 1986 4.521 1962 4.989     
9 1926 b) 4.526 1932 c) 4.967     
10 1892 4.531 1959 c) 4.956     
11 1920 4.531 1980 4.945     
12 1927 4.535 1934 c) 4.930     
13 1969 4.548 1939 4.917     
14 1936 b) 4.551 1990 4.914     
15 1968 b) 4.563 1899 4.903     
16 1928 4.578 1954 4.898     
17 1875 a) 4.580 1940 c) 4.897     
18 2001 4.586 1887 c) 4.896     
19 1872 4.599 1991 4.896     
20 1909 b) 4.603       
21 1919 a) 4.605             
a) DWI_5; b) DWI_4; c) DWI_2. 
 
 
Asian summer monsoon region. To a certain extent, the 
variations of the monsoon affect the region’s precipitation 
and, thus, the changes in the level of runoff. This relation-
ship was supported by the significant correlation between 
the reconstructed runoff and the East Asian monsoon index 
(EAMI) [40]. The correlation coefficient between the two 
series was 0.255 (n=50, P=0.074, 1951–2000). Moreover, 
the correlation coefficient after the application of an 11-year 
moving average to the two series was 0.432 (P=0.005). 
These results suggest that during the latter half of the 20th 
century, the East Asian summer monsoon had an important 
influence on the Yimin River basin, i.e. the high EAMI re-
flects a higher level of precipitation and a resulting increase 
in the annual runoff, such as occurred during the longest 
extremely wet period from 1954 to 1959. Likewise, a low 
EAMI would correspond to a low annual runoff. This rela-
tionship exists in the tree-ring-based precipitation recon-
struction performed for the Ortindag Sand Land [41]. Of 
course, not all of the high EAMI values are associated with 
greater precipitation and high runoff, as in the case of the 
severe drought in the 1920s. Similarly, the extreme drought 
period during the 1920s and 1930s characterized by the 
DWI corresponds to the strong East Asian summer mon-
soon reflected by the stalagmite oxygen isotope series [42]. 
The possible reasons for these results are related to the vari-
ation in the East Asian summer monsoon on a decadal scale 
[40], the western Pacific subtropical high in summer, cold 
air masses from mid-latitudes and the circulation conditions 
over the western highlands [43]. Further studies are needed 
to resolve these questions. 
2.4  Regional comparison and teleconnections 
To examine the temporal and spatial variations in hydrocli-
matic conditions over a broad area, two other sources are 
available for comparison. One dataset, from a location ap-
proximately 1300 km west of our study area, is a recon-
struction of the April–October streamflow of the Selenge 
River, based on tree rings in west-central Mongolia [31]. 
The other dataset, from a location approximately 700 km 
southwest of our study area, is a reconstruction of the Au-
gust-July streamflow of the Kherlen River, based on tree 
rings in northeastern Mongolia [44]. Our annual runoff (lg- 
transformed) reconstruction showed significant correlations 
with the Selenge River reconstruction (r=0.181, n=130, 
P=0.04), with the Kherlen River reconstruction (r=0.162, 
n=129, P=0.066) and with the principal component index of 
tree-ring chronologies (PC index) used for the Kherlen Riv-
er streamflow reconstruction (r=0.18, n=129, P=0.041). 
After applying an 11-year moving average, the correlation 
coefficients were 0.343 (n=119, P<0.0001), 0.319 (n=119, 
P<0.0001) and 0.476 (n=119, P<0.0001), respectively. 
Compared with the strong correlations of these three series 
on a decadal scale, the relatively weak correlations on an 
interannual scale could be a result of the differences pro-
duced by the great spatial distances and the reconstructed 
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climate window. 
The peaks and valleys in the Z-scores of our Yimin River 
reconstruction, the PC index and the Selenge River recon-
struction match each other very accurately, with different 
degrees of bidecadal-scale variations present since 1868 
(Figure 8). On an interannual scale, extreme droughts last-
ing five years occurred in the reconstructions of the Yimin 
River, Kherlen River [44] and Selenge River [31] during 
1905–1909, 1903–1907 and 1901–1905, respectively. The 
wetter periods occurring in the 1990s were 1990–1991, 
1991–1995 and 1990–1994, respectively. The droughts in 
the 1900s, 1920s and 1970s; and the wetter intervals in the 
1930s–early 1940s and late 1950s–1960s were shown syn-
chronously in these series. The common variations dis-
played in the hydroclimatic reconstructions based on the 
moisture-sensitive growth of trees in the three river basins 
considered in this analysis could reveal a possible linkage 
between a large part of the west central and northeastern 
Mongolia Plateau and large-scale climate forcing. 
Power spectral analyses were performed on the filtered 
components of the annual runoff (lg-transformed) recon- 
struction of the Yimin River [32]. Significant cycles were 
found for periods of ~20, 14–16 and 4–8 years. Similar cy-
cles were detected in the reconstructions of the Kherlen 
River [44] and the Selenge River [31]. In addition, the in-
fluence of the Pacific Decadal Oscillation (PDO) [45,46] 
and El Niño-Southern Oscillation (ENSO) [47] on the 
Selenge River basin, west central Mongolia, has been inves-
tigated [31]. A significant correlation was found between 
the result of the annual runoff reconstruction of the Yimin 
River and the PDO index. This analysis was based on tree- 
ring data [48] (r= –0.473, n=119, P<0.0001, based on an 
11-year moving average). The results of a wavelet analysis  
 
 
Figure 8  Comparison of (a) Z-scores of the Yimin River reconstruction, 
(b) the principal component index of tree-ring chronologies (PC index) 
used for the Kherlen River streamflow reconstruction [44] and (c) Selenge 
River reconstruction of the streamflow from the current April to October 
[31]. The bold line represents the 20-year low-pass-filter curve. 
included cycles similar to those found in the reconstruction 
performed by power spectral analyses. High power was 
found for the variability at the decadal scale, expressed in a 
range of 10–20 years, for the 1890s–1970s. This pattern was 
similar to that displayed by the PDO, with the principal 
“cool” regimes in 1890–1924 and 1947–1976 and the prin-
cipal “warm” regimes in 1925–1946 and 1977–1990s [45,46] 
(Figure 9). The entire series showed detectable power with-
in the ENSO range of variability [47], a span of 4 to 8 years, 
although this component of the power spectrum was rela-
tively weak. The close relationships between the PDO and 
ENSO and Asian climatic conditions have been confirmed 
by many previous tree-ring studies [49,50].  
The land-surface hydrological cycle shows intermittent 
multiannual patterns of variability, including 4–8-, 14–16- 
and 20–25-year fluctuations. These patterns are consistent 
with known sea surface temperature and pressure fluctua-
tions, such as the ENSO, PDO and North Atlantic Oscilla-
tion (NAO) [51]. Our annual runoff (lg-transformed) recon-
struction also showed significant correlations with tree-  
ring based reconstructions of North Atlantic sea surface 
temperature anomalies (r=0.208, n=123, P=0.021) and the 
Atlantic Multidecadal Oscillation index (r=0.31, n=118, 
P=0.001) [52]. 
Because runoff can integrate hydrometeorological effects 
over a large region and amplify small fluctuations in rainfall, 
it is considered to be a sensitive parameter for the detection 
of the influence of the solar cycle on climate [53]. Signifi-
cant correlations between the annual runoff (lg-transformed) 
reconstruction and the sunspot index (r=0.429, n=47 and 
P=0.003 for 1956–2002) (http://www.sidc.be/sunspot-data/, 
‘year(s)-of-data’) indicate that solar activity plays an im-
portant role in the hydroclimatic variations of the Yimin 
 
 
Figure 9  Wavelet plots for the annual runoff (lg-transformed) recon-
struction of the Yimin River. Dark areas indicated by black contours (the 
0.05 significance level, using a red-noise (autoregressive lag 1) background 
spectrum) represent regions of significant power at corresponding time-
scales [22].  
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River basin and its vicinity. The influence of solar activity 
on the regional hydroclimate has been investigated in the 
basins of the Kherlen River [44] and Selenge River [31]. 
The Mongolian Plateau, located in the center of Asia, is 
characterized by an extreme continental climate. During the 
winter, the plateau is particularly influenced by the Siberian 
High, which is closely related to the NAO and NPO (North 
Pacific Oscillation) [54–56]. Two additional global-scale 
climate systems play extremely important roles in the cli-
mate and environment of the Mongolian Plateau. The first 
system consists of the westerlies modulated by the NAO 
[57], and the second system is the East Asian summer 
monsoon, which is associated with the ENSO and the ITCZ 
(the Inter-tropical Convergence Zone) [58]. Trees growing 
on the Mongolian Plateau and in its vicinity are on the edge 
of these three large-scale climate systems. The trees in these 
locations record information on climatic variation influ-
enced by large-scale climate forcing. Our annual runoff 
(lg-transformed) reconstruction for the Yimin River is a 
preliminary investigation of the relationship between the 
hydroclimatic variations occurring in the Yimin River basin 
and vicinity (the eastern margin of the Mongolian Plateau) 
and large-scale climate forcing. To better understand the 
physical mechanisms behind the relationships represented 
by teleconnections, more dendroclimatological studies 
should be conducted. 
3  Conclusions 
(1) Based on the moisture-sensitive tree-ring width 
chronology of Pinus sylvestris var. mongolica, a reconstruc-
tion of the annual runoff (lg-transformed) of the Yimin 
River was performed for 1868–2002. The model was stable 
and informative. 
(2) Six severe drought events were identified over 21 ex-
tremely dry years: 1950–1951, 1986–1987, 1905–1909, 
1926–1928, 1968–1969 and 1919–1920. Four wetter events 
were found over 19 extremely wet years: 1954–1959, 
1932–1934, 1939–1940 and 1990–1991. 
(3) Regional comparisons and periodicity analyses indi-
cated that hydroclimatic variations of the west-central and 
northeastern Mongolian Plateau and vicinity could respond 
to large-scale climate forcing, such as that resulting from 
the PDO, the ENSO and sunspot activity. 
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